Abstract: Twenty years of Italian outdoor investigations on closed photobioreactors are discussed in this review. Many photobioreactor designs have been projected; some have been built, tested and patented. The Italian research approach from tubular (single tube and traditional loop) to flat and column and again to tubular photobioreactors (coil and loops) has improved microalgal yield. It increased from 25.0 gm -2 d -1 in 1986 (using a traditional loop set down on the ground) to 47.7 gm -2 d -1 in 2003, when results of a new tubular undulating row photobioreactor (TURP) were reported. This very high TURP productivity was attributed to a light dilution growth-strategy using Arthrospira platensis; the photic ratio (R f ) ranged from 3 to 6.
INTRODUCTION
From the 1950's on, many cultural systems have been designed and patented for the growing of photosynthetic microorganisms. At first, the aims of the researchers were to produce different types of biomass for the production of feed and food [1] . From these goals, applied technology first evolved towards open systems (ponds). They were cheap and required very simple technological assistance. The aims of the researchers changed as practical applications advanced. The main objective of microalgal biotechnology became the production of natural substances (antioxidants, bioactive molecules, polysaccharides, polymers, natural dyes and lipids etc.). Some chemicals that are extracted from microorganisms are often light dependent. Therefore, some chemical products can be obtained only through the photosynthetic process. The production of these natural products requires new and innovative types of technology such as closed systems that are able to control all physical and chemical parameters and to warrant high quality products. Biomasses achieved inside closed systems are free from any external contaminants. Since the 1980's, intensive algal technology has begun to develop in closed systems, both in tubular photobioreactors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and in flat panel photobioreactors [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Moreover, many airlift photobioreactors have been proposed for microalgal growth [28] [29] [30] [31] [32] . In 1995, a special instance of a column photobioreactor provided of some transparent plastic plates (horizontally situated in the cylinder and parallel to the bottom of the reactor) has been proposed to grow outdoors green algae as Scenedesmus and Chlorococcum [33] . This innovative photobioreactor was investigated again to use geothermal fluids and energy for mass microalgal cultivation as absorber tower [34, 35] . Recently, a peculiar new dome shaped photobioreactor, using aeration for mixing, has been investigated [36] . During the last few years, photobioreactor technology has been more and more *Address correspondence to this author at the Istituto per lo Studio degli Ecosistemi, Distaccamento di Firenze, Consiglio Nazionale delle Ricerche, Polo Scientifico, Via Madonna del Piano n. 10, 50019 Sesto F.no, Firenze, Italy; E-mail: pietro.carlozzi@ise.cnr.it similar to that of 'fermentors'. The variety of bioprocesses is tremendous and many different designs of bioreactors have been developed to meet the different needs [37] . New technologies are necessary to dilute solar radiation and/or to improve light distribution in the culture thickness [38, 39] . One possible solution has been the use of optical fibers: when placed inside bioreactors they transmit visible solar rays that are condensed by fresnel lenses [19, 40] . For optical engineers to design light-redistributing plates with uniform radiation across the entire surface, the optical fibers were connected to the plates at the sides of a rectangular airlift bioreactor [41] . In 2003, for cultivation of microalgae under supra-high irradiance, a closed photobioreactor using collectors concentrating solar irradiance (linear Fresnel lenses) into the cultivation system has been proposed [42] . Finally, an innovative L-shape photobioreactor was investigated outdoors for single cell protein production; the pilot-scale photobioreactor used a scraper to mix Euglena culture a flow gas emitted from an industrial heater containing carbon dioxide, nitrogen oxide and sulphur oxide sources [43] . The new technologies are very sophisticated but more expensive than the traditional ones. They can be especially useful when microalgae, cyanobacteria, and photosynthetic bacteria are grown to produce pharmaceutical products. The creation of valuable pharmaceutical molecules and biotechnical energy considerations and are not usually relevant cost factors in economic analysis [44] . Some closed-systems such as polyethylene bags, fibreglass cylinders, flat plate reactors, and vertical columns [45] [46] [47] have been developed to cultivate marine microalgae (e.g. Isochrysis, Nannochloropsis, Chaetoceros etc.) as feed for fish, crustaceans and larval or juvenile stages of bivalves. In these closed systems, an air-sparger system must be placed at the bottom of the photobioreactor to allow for the mixing of the cultures and to avoid any dissolved oxygen build-up. Photobioreactors have been studied also to develop life support in space [48, 49] . In 2005, a technologically advanced photobioreactor, used for the growth and maintenance of a large number of microalgal strains was presented [50] . Finally some photobioreactors that use immobilized cells have been proposed in waste purification [51, 52] . Over the years, many bioreactor designs have been proposed. However only those that deal with biomass production have been optimized [2, 6-8, 20, 21, 27, 53-55] . Peculiar substance syntheses such as those involving polysaccharides [3, 56, 57] ; -carotene [58] [59] [60] [61] ; lutein [62] ; polyunsaturated fatty acids (PUFA) [63] [64] [65] [66] [67] [68] ; vitamins [69] ; and/or biohydrogen [70] have not been taken into consideration for many years. In 2001, clean energy production (hydrogen) together with natural compounds (pigments and polymers) were able to be produced by purple bacteria cells (Rhodospirillaceae) grown inside an underwater tubular photobioreactor [71] . The aim of this review is to present the evolution of closed outdoor bioreactor systems in Italy since 1986. Designs and investigations by Italian researchers (under intensive conditions and controlling physical and chemical parameters) are described. An intensive approach consisting of cultivating mono-strains of photoautotrophic microorganisms in photobioreactors is more desirable than extensive ones that are largely uncontrollable with regard to production stability [72] .
TUBULAR PHOTOBOREACTORS
Tubular photobioreactors are the oldest closed systems. They can be divided into the following categories: loop tubular photobioreactors; manifold tubular photobioreactors; coil photobioreactors and single tube photobioreactors.
Loop Tubular Photobioreactors
A study on the production of Spirulina biomass using outdoor culture in a tubular photobioreactor was presented in 1986 [73] . At first this apparatus was made up of flexible polyethylene transparent tubes (14cm diameter and 0.3mm-wall thickness), which were eventually replaced by Plexiglas tubes (13cm internal diameter (i.d.) and 4mm wall thickness). The first photobioreactors consisted of several tubes placed side by side on a white polyethylene sheet: they were joined by polyvinyl chloride (PVC) U-bends to obtain a loop. A diaphragm pump system raised the culture to a feeding tank that contained a siphon and allowed for intermittent discharges of the culture into the photobioreactor. At intervals of 4.0 min an average culture volume of 350 l was discharged into the loop at a speed of 0.26 ms -1 . The maximal length of the loop was 500 m and the volume was of 8.0 m 3 . The culture temperature and partial oxygen pressure were monitored: pH was maintained between 9.4 and 9.8 by CO 2 addition. To avoid excessive culture temperature, three cooling systems were tested: shading tubes with dark-colored plastic sheets, the overlapping of two or three tubes and the cooling of the culture by spraying water on the surface of the tubes. This last one provided the best solution. Two biomass concentrations were tested (0.6 and 1.2 gl -1 ). In general the Spirulina culture grown at the low biomass concentration was more productive than the other was. Moreover a short loop of 250 m gave higher yields (about 25 gm -2 d -1 in July) than the longer one (500 m). In 1987, another tubular photobioreactor (150m in length with a 7.4cm internal diameter) was investigated: about 23 gm -2 d -1 of Spirulina biomass yield was achieved [74] .
Multi-System Photobioreactors
An outdoor-tubular multi-system equipped with instrumentation to control physical and chemical parameters was first described in [75] . This multi-system was composed of eight photobioreactors and four control cabins. It was built and assembled by Carlo Erba Instrumentation, Milan, (Italy) thanks to the financial resourcefulness of Prof. Gino Florenzano. Each single reactor consisted of a loop (20m long) made up of ten Pyrex glass tubes (i.d. = 4.85 cm, length 2.0 m) held together by PVC bend connections. The loop was placed horizontally in a stainless steel basin that contained thermostat-controlled demineralized water. A PVC pump, that used variable mechanical speeds, let the culture flow into the loop. At the end of the loop, the culture flowed into a cylindrical vessel. The speed of the culture could be changed from 0.2 to 0.5 ms -1 and the total culture volume was 50 l. In 1986, this photobioreactor was tested using Spirulina platensis (strain M2) that had been grown with one of two different nitrogen sources (ammonia or nitrate). Under batch growth conditions, biomass dry weight (DW) accumulation, nitrogen uptake and lipid and carbohydrate biosyntheses were investigated; the major fatty acid Spirulina content was also investigated [75] . During the 1990's some investigations were carried out using this type of photobioreactor [76, 77] . The effect of temperature on yield and night biomass losses in Spirulina platensis were studied at a culture temperature of 35 °C. The authors quoted a daylight biomass output rate of 0.52 g(DW)l -1 d -1 and 0.45 g(DW)l -1 d -1 over a 24 hour period. Productivity decreased to about 14% when Spirulina was grown at 25 °C. In 1994, Spirulina photo-inhibition using the chlorophyll fluorescence technique was carried out [78] . During the same year, studies on the growth, physiology and nitrogenase activity of a nitrogen fixing cyanobacterium (Nodularia harveyana) took place [79] . In 1995, the chemical composition of Nodularia harveyana biomass was investigated and a yield of 13.2 g(DW)m -2 d -1 was reported [80] . Transient thermal analyses used to estimate solar radiation and to predict the Spirulina culture temperature within a reasonable degree of accuracy were carried out [81] . In this study, the authors achieved an average biomass yield of 23.7 g(DW)m -2 d -1 , which corresponded to a volumetric productivity of 0.47 g(DW)l -1 d -1 . In 1996 and 1998, experiments were carried out on light and oxygen stress in Spirulina platensis that had been grown at 35 °C [82, 83] . The authors reported a net biomass output rate of 0.52 ± 0.20 g(DW)l -1 d -1 when the oxygen concentration within the Spirulina culture was 20.8 ± 1.8 mgl -1 . In 1999, studies on the changes in chlorophyll fluorescence quenching and the xanthophyll cycle in both Scenedesmus and Chlorella microalgae were undertaken [84] . The authors quoted biomass yields of 27.5 g(DW)m -2 d -1 and 21.5 g(DW)m -2 d -1 respectively in Scenedesmus quadricauda and Chlorella sorokiniana. In 2000, investigations on chlorophyll florescence quenching and the pigment composition of the green alga Chlorococcum sp. that had been grown under nitrogen deficiency were reported [85] : no data on productivity have yet been reported.
Two-Plane Photobioreactor
A two-plane tubular photobioreactor was tested in [6] ; it was 245m long and made of Plexiglas tubes (i.d. = 2.6 cm, wall thickness = 2.0 mm). The reactor volume was 145 l: it covered an area of 7.8 m 2 . The culture was recycled in two different ways. One consisted of two airlift systems (one for each plane) and the other of two peristaltic pumps (one for each plane). The highest net productivity (27.8 g(DW)m -2 d -1 ) was reached when the photobioreactor was operated using the airlift system and solar radiation was 25.4 MJm -2 d -1 . Photosynthetic efficiency was 6.6% [6] .
Curved Tubular Photobioreactor
In 1995, a new tubular photobioreactor was patented (Italian patent number: FI95A93) [86] . The curved tubular photobioreactor (CTP) was 67m long with a working volume of 40 l: it was tested outdoors. It consisted of 128 Plexiglas tubes that are 0.3m long (i.d. = 2.6 cm, and a wall thickness = 2.0 mm). These were connected by 127 glass U-bends so as to create a two-plane single loop (Fig. 1) . The CTP was tested using Spirulina platensis that had been grown at a very high cell concentration of 10.0 g(DW)l -1 [9] . A peristaltic pump recycled the culture: the recycling speed ranged from 0.18 to 0.97 ms -1 . At the optimal speed of 0.75 ms -1 the highest net productivity (1.19 g(DW)l -1 d -1 corresponding to 23.8 g(DW)m -2 d -1 ) was achieved. Productivity decreased when the speed of the culture was lower or higher than the optimal velocity [9] . The effect of a convective flow on Spirulina productivity was also investigated. Productivity was compared with a typical loop photobioreactor (Fig. 2) . The Spirulina yield was always lower in the traditional loop than that obtained in the CTP.
Tubular Undulating Row Photobioreactor
Since 1995 a new tubular photobioreactor design (an evolution of Italian patent no. FI95A93) has been studied. Originally, it was built and tested near Florence (Scandicci), Italy. The tubular undulating row photobioreactor (TURP) was characterized by five rows, each of which is 1.0m long and 0.22m high. Each row was made of a PVC flexible transparent tube 22.0m long (i.d. = 1.0 cm and the wall thickness = 2.0 mm). The tubes were arranged in a sinusoidal shape (Fig. 3) . The culture entered through the lowest tubes and came out of the top tubes of the rows, where a Plexiglas chamber of the airlift system raises the culture up to a degasser. Five down-flow PVC tubes connected the degasser with the lowest tubes of each row; compressed air was injected into the Plexiglas chamber by a perforated tube that is level with the tube unions. This allowed for the circulation of the culture through the TURP. Other details concerning the design of the TURP can be found in the literature [38, 39] . Two types of TURPs were tested: one covered a surface area of 1.0 m 2 (TURP-5r) and the other, 0.5 m 2 (TURP-10r). Performance of the two regarding both hydrodynamic aspects and Arthrospira growth are still being investigated. Culture lamination and the creation of vertical reactor configurations allowed for obtaining solar light dilution [39] . The whirling of the culture was investigated in [38] . The shear factor values, as a function of the Reynolds number, were obtained experimentally in a 22m long PVC straight tube with an internal diameter of 10 mm. In the TURP-10r, in the rows that were facing east-west, net Arthrospira productivity was 34. [38] . A study on light dilution strategy of solar radiation through culture lamination and the photic ratio (R f ) in this reactor type was carried out in [39] . The light intensity intercepted by a vertical flat surface on a typical summer day was reported using south-north facing, and east-west facing: the values were compared with that intercepted by a horizontal flat surface. A very high net Arthrospira productivity of 47.7 g(DW)m -2 d -1 had been attained when the reactor was operated at a daily dilution rate of 0.3 d -1 [39] . In 2005, using the same reactor type, the rheological behavior of the Arthrospira culture using low to high cell concentrations (from 2.0 to 20.5 gl -1 ) [87] was investigated. A study on the hydrodynamic aspects of the Arthrospira culture was carried out and the rheological behavior of Zarrouk's medium was compared with tap water. The power consumed (P c ) in a single row for Arthrospira culture recycling at different generalized Reynolds numbers was reported. It was demonstrated that power consumption increases as a function of both cell concentration and the generalized Reynolds number. The energy requirement for recycling algal culture in tubes (i.e. with the TURPs working at a generalized Reynolds number of 2345) was investigated. The power consumed at the cell concentration of 2.0 gl -1 was only 7.8% of the maximum power (P max ); at a cell concentration of 8.0 gl -1 . P c was about 80% P max and at a cell concentration of 11.1 gl -1 , the P c was 100% P max [87] .
Anoxic Underwater Tubular Photobioreactor
An underwater tubular photobioreactor (UwTP) (Fig. 4) , used to grow photosynthetic bacteria under anaerobic growth conditions, was investigated [71] . It was similar to the one described in the literature [75] . However, in 2001, the reactor was tested for the first time under anoxic conditions: Rhodopseudomonas palustris growth was studied outdoors. Experiments were carried out for six months to investigate photosynthetic efficiency, daily pigment fluctuations, poly--hydroxybutyrate (PHB) and carbohydrate syntheses in the light. Moreover, it was demonstrated that PHB and the carbohydrates were partially consumed in the dark. The achievable biomass output rate using the system, which had been operating at optimal cell concentration (1.0 gl -1 ) was determined from low to high solar radiation (5.07 ± 3.0 to 23.09 ± 2.4 MJm -2 d -1 ). In summer, when solar radiation reached the maximum value, the highest yield obtained in the UwTP was 64.1 ± 9.8 g(DW)reactor -1 d -1 . On the contrary, the highest photosynthetic efficiency of 7.6% was achieved in winter. Recently, another study was carried out using this anoxic photobioreactor to investigate the growth kinetics of Rhodopseudomonas palustris [88] . In summer photosynthetic efficiency changes in changing daylight were also investigated. Remarkable changes in photosynthetic efficiency values were attained. under natural and forced light/dark cycles, the photosynthetic efficiency trends were always oscillatory with the exception of that achieved at a low biomass concentration (0.65 gl -1 ). The lowest photosynthetic efficiency (2.4%) was achieved at noon and the highest (11.2%) at sunset.
Manifold Tubular Photobioreactors
In 1998, a nearly horizontal tubular reactor (manifold tubular photobioreactor) was investigated [10] . The photobioreactor consisted of five 6.0m long Plexiglas tubes (i.d. = 3.4 cm; wall thickness = 0.3 cm). The tubes were connected at the bottom and at the top by tubular Plexiglas manifolds. The photobioreactor was placed on a wooden framework facing south and tilted to form a 5° horizontal angle. In summer, the volumetric productivity of Arthrospira achieved in this reactor was of 1.26 ± 0.05 g(DW)l -1 d -1 and the photosynthetic efficiency was 5.6 ± 0.2%. In 1998, a nearly horizontal tubular photobioreactor (installed in Hawaii) with a slop of between 6-12% was tested for hydrogen production [89] . The reactor consisted of eight 20m long tubes connected at the bottom to a manifold (including an airlift system to recycle the culture) and at the top to a degasser. Some other manifold tubular photobioreactors of different flexible plastic-tube dimensions and lengths (i.d. = 0.043m/6.4m, 11.0m and 44.0m) have been used to produce eicosapentaenoic acid using Nannochloropsis sp. The highest Nannochloropsis biomass output rate of 0.60 ± 0.23 g(DW)l -1 d -1
was achieved [67] . 
Coil Tubular Photobioreactors
A helical bubble reactor was investigated outdoors in [10] . The coil tubular photobioreactor was made up of three 49m long PVC tubes. The tubes had a 3.0cm internal diameter, and were rolled around a metallic vertical structure (1.1m diameter). The highest ends of the tubes were connected to a degasser. The culture flowed down through a single pipe from the degasser. Air was injected at the bottom of each tube to allow for the mixing of the culture, to strip the oxygen produced by cyanobacterial (Arthrospira) growth and to prevent bio fouling. The bubbles flowed up to the degasser before escaping from the culture. Culture cooling was achieved by water spraying. This reactor had a total volume of 120 l. With this system, Arthrospira productivity of 0.9 g(DW)l -1 d -1 was achieved. The authors reported a photosynthetic efficiency of 6.6%. In 1996, Inalco S.p.A. near Florence, Italy built another coil tubular photobioreactor with a total volume of about 3000 l. No data on this coil have so far been reported [90] . A new closed coil photobioreactor (CCP) that had an incorporated mandrel to control culture temperature was designed and patented in 1995 (Fig. 5) (Italian patent number: FI95A92) [91] . The configuration was chosen to avoid random mixing of the culture (due to a turbulent flow) and to guarantee a regular mixing pattern that is generated during fluid recycling by a secondary flow in a curved tube [92] . It was made up of two flexible 40m long PVC tubes (i.d. = 1.0 cm, wall thickness = 2.0 mm) rolled around the mandrel with a diameter of 4.8 cm to create a CCP of 6.0m in length. Recycling of the culture was carried out using either a peristaltic pump or an airlift system. When Arthrospira was grown under batch conditions and recycled with the pump system, a very high cell concentration was achieved (16.4 g(DW)l -1 ) [92] . Some hydrodynamic aspects such as the required power for culture recycling inside the CCP and the reactor cycle time as a function of Dean number were investigated. When the pump recycled the culture, a very high Dean number was achieved (D e = 3950). The Dean number decreased in a remarkable way when the pump was replaced with the airlift system (D e = 1800). Using the airlift system, under semi-continuous Arthrospira growth, a photosynthetic efficiency of 7.4% was achieved. The gross biomass output rate was 2.85 g(DW)l -1 d -1 ; the net reduced to 2.32 ± 0.11 g(DW)l -1 d -1 . When the pump was used to recycle the culture the biomass output rate decreased: the gross was 2.61 g(DW)l -1 d -1 ; the net was 1.79 g(DW)l -1 d -1 . The authors attributed the better performance attained using the airlift system to a low concentration of oxygen build up within the culture ( 20 mgl -1 ) and the lack of cell damage. Both experiments were carried out on an average starting cell concentration of 4.0 gl -1 . There are some advantages when using the new reactor (CCP) as regards outdoor microalgal growth. One is the regulation of the culture temperature. It is possible to warm the culture during the first lighted hours of the morning (when culture temperature is below optimal) and cool the culture temperature during the day, when it could reach too high values. It limits oxygen buildup within the culture and avoids mechanical cell damage, verified when using the pump [92] . Moreover, the multi-airlift system is very cheap to run. 
Single Tube Photobioreactors
In 1986, a single-tube wide-diameter photobioreactor (STP WD ) was tested under anoxic conditions to grow Rhodopseudomonas palustris [93] . (Fig. 6) . The culture in this reactor was mixed by an internal system, formed by two ring-shaped brushes, with three spokes each, connected to a rigid plastic pipe. The internal system was moved by a wire rope connected to a spool which had both take-up and delivery functions. A motor positioned on the top of the reactor moved the spool. A rope sheave was positioned opposite the spool. Its perpendicular axis of rotation was locked at the top and at the bottom of the reactor. Two switching devices positioned at both extremities of the photobioreactor (backwards and forwards) attained traction of the ring-shaped brushes. A complete cycle of the ring-shaped brush traction consisted of going backwards and forwards. The culture mixing was discontinuous: there were intervals of 15 minutes (controlled by a timer). Three cycles for each mix input were imposed. The aims of this mixing system were to mix the culture and to clean up the wall of the bioreactor. In 1996, another single tube reactor (50mm external diameter; 1.5mm wall thickness and 6.2m long) was tested [94] . The tube was placed on a platform facing south and tilted to form a horizontal angle of 10°. Arthrospira cells were grown inside this oxygenic reactor type. The culture was mixed by compressed air injection at the bottom of the tube. In July, 1996, the highest productivity achieved in this single tube reactor was 1.05 ± 0.14 g(DW)l -1 d -1 .
VERTICAL OR INCLINED FLAT PANELS
In 1990, several vertical alveolar panel (VAP) reactors, with a surface area of 0.5 -2.2 m 2 , were constructed from 1.6cm thick Plexiglas alveolar sheets [21] (Fig. 7) . VAPs were filled with a culture suspension leaving a space of 4.0 -5.0 cm from the top of the panel: culture thickness was 1.25 cm. The photobioreactors were placed facing south with an inclination of 25° (angle subtended with the horizontal); the inclination was changed monthly in order to maximize the amount of radiant energy received by the reactor surface. Both the mixing of the cultures and the stripping of oxygen produced by the photosynthetic process were achieved by bubbling compressed air at the bottom of the reactors at a mean flow rate of 0.5 to 1.0 l l culture -1 . The culture pH was controlled by the addition of CO 2 (from a cylinder) to the airflow. In winter, culture temperature was maintained at 30 ± 1.5 °C during the daytime. At night, it was 20 ± 1.5 °C. During the summer, the night culture temperature was not regulated. In September, (solar radiation = 16.6 MJm -2 d -1 ) the highest gross Spirulina productivity was 23.9 g(DW)m In 1992, different airflow rates in relation to productivity were investigated. Gross Spirulina productivity achieved in the VAP was 30.2 g(DW)m -2 d -1 , while the net dropped to 23.5 g(DW)m -2 d -1 . To obtain these results, the reactor was operated with a maximum airflow rate of 1.21 l l culture -1 [95] . The highest net average Spirulina productivity was 24.0 g(DW)m -2 d -1 with the VAP [96] . In 1998 results concerning a near-horizontal flat panel were reported [10] . The system consisted of a rectangular chamber (6.05m long; 0.2m wide and 0.025m thick) divided longitudinally into five inner channels. Experiments were carried out with Arthrospira platensis (strain M2). The authors reported a daily reactor productivity of 31.61 ± 1.74 g(DW)R -1 d -1 . Since the reactor cross-sectional area was 1.3 m 2 , the Arthrospira biomass yield calculated on the basis of this area was 24.3 g(DW)m -2 d -1 . In 2004, a green wall reactor was patented [97] . The reactor design consisted of flexible transparent plastic film contained in a rigid metal framework so as to form a relatively thin vertical panel. The biggest reactor module experimented on outdoors (volume = 640 l) was 1.0m high, 10.0m long and 5.0cm wide. The photobioreactor was tested to cultivate several microalgae used in aquaculture. Productivity ranged from 0.15 to 1.0 g(DW)l -1 d -1 [98] .
VERTICAL COLUMNS
In 2002, a vertical annular reactor was developed at the University of Florence, Italy to produce Nannochloropsis biomass for hatchery feed. It was made up of two 2.0m high Plexiglas cylinders. A cylinder with a narrower diameter was placed inside a wider one. Both were closed at the bottom thus obtaining an annular chamber. In 2003, some results using this reactor shape were published [99] . Two vertical annular reactors with different outer diameters (50 cm and 91 cm) were investigated. The smaller reactor had a volume of 120 l, a culture thickness of 4.5 cm and an illuminated surface area of 5.3 m 2 . The larger one had a volume of 140 l, a culture thickness of 3.0 cm and an illuminated surface area of 9.3 m 2 . Culture mixing, pH regulation and gas-exchanges were obtained by injecting a mixture of air and CO 2 at various points at the bottom of the annular chamber. Under artificial illumination with a metal halide lamp the highest productivity (34.0 g(DW)reactor -1 24h -1 ) was achieved in the reactor with the 91 cm outer diameter; under natural light (in May). Productivity was 34.1 g(DW)reactor -1 24h -1 . During combined illumination under green house conditions (400 metal halide lamps for the internal annular surface and natural illumination on the annular external surface) reactor productivity increased to 48.3 g(DW)reactor -1 24h -1 . Similar results were also reported in [100] . More recently outdoor experiments were carried out by Tredici's group [101] . Tetraselmis suecica growth was investigated in annular columns for both productivity and photosynthetic efficiency. Isolated column productivity was compared with a simulated fullscale column (arranged in the triangular way) [101] . There were no significant differences between the average productivity of the two arrangements (0. 
CONCLUSIONS
This review focuses on twenty years of Italian research and technological advances on closed photobioreactors that are used to grow photosynthetic microorganisms. Light dependent microorganisms are utilized to produce a great variety of metabolites: natural dyes; vitamins; antioxidants; PUFAs; polysaccharides; and some new bioactive molecules for the pharmaceutical and cosmetic industries. Photosynthetic microbic biomasses are also used to obtain human food and animal feed (aquaculture). Many photobioreactor shapes have been evaluated experimentally: each one has some peculiarity. The curved tubular photobioreactor is better than the traditional loop type to increase biomass output rate [9] . The two-plane photobioreactor produces higher biomass yield than does the single-plane photobioreactor [6] . The coiled reactor types are good for realising the right exposition of cells to a light dark cycle thanks to the curvature radius of the coil and the good surface-to-volume ratio [8, 92] . Airlift and/or bubble column photobioreactors are adequate systems to grow microalgae. Unfortunately, their main drawback is the limitation of the availability of light. They are also limited as regards large-scale systems: poor light penetration is a serious problem, when cells grow in highdensity cultures [102] . A solution to overcome this drawback is the employment of optical fibers. The absorber tower [35] , the L-shape [43] and the dome [36] photobioreactors are quite interesting for their new configurations. However, further studies are needed to better understand the conditions for their best performances. Flat panels are another photobioreactor group. They require compressed air, injected at the bottom of the panel, to mix the culture and to remove oxygen produced by the photosynthetic process. Flat panels together with annular columns and airlift photobioreactor types allow for 'soft' culture mixing to grow microalgal species, which are very sensitive to high-shear (e.g. Dunaliella, Hematococcus, Porphyridium). Many studies have also been carried out on the effects of culture agitation, airflow rate, bubble dimensions and gas entrance velocity at the sparger [11, [103] [104] [105] . Tubular photobioreactors have been the most studied systems during the twenty-year Italian experience in the field. The performance of this reactor type has improved a great deal. The yield has increased from 25.0 gm -2 d -1 obtained in 1986, using the traditional loop placed on the ground [73] , to 47.7 gm -2 d -1 when a new tubular undulating row photobioreactor was tested [39] . This very high productivity (1.9 times higher than the first value reported in 1986) has been attributed to the possibility of the TURP to dilute solar radiation. The TURP design has allowed for culture lamination, and a high surface-volume ratio (400 m -1 -The highest value reported in Italy). Dilution of solar radiation is very important for the growing of microalgae, outdoors. Culture lamination permits an increase in the surface-to-volume ratio: this is a desirable characteristic if one is to reach an efficient utilisation of solar radiation for biomass production [39] . Our high biomass yield may have been attained thanks to the culture lamination strategy (Fig. 8) . In Fig. (8) the relationship between culture lamination and the surface-tovolume ratio (S/V) concept is explained graphically. A thin flat panel is an optimal example of 'culture' lamina. A reactor arrangement in thin layers can produce very high photobioreactor performance levels. In Fig. (8), letters B . Tubular row photobioreactors, flat panels and, annular columns, which are panels that have been arranged in a cylindrical shape, are able to achieve both a high surface-to-volume ratio and high photic ratio (R f ) values. R f is the relationship between the illuminated surface (S ill ) and the occupied surface (S occ ) of the photobioreactor [38] : R f = S ill /S occ (1) when the occupied surface of the reactor-system contains two or more thin culture layers (panels or loop rows) the equation is the following:
R f = S ill ·nR/S occ (2) where nR is the number of rows and/or panels [39] .
When the occupied surface of the reactor-system contains two or more columns or other photobioreactor shapes, the equation is the following: R f = S ill ·nPBRs/S occ (3) where nPBRs is the number of columns or other photobioreactor shapes. We achieved the highest biomass yield using the tubular undulating row photobioreactor. This reactor offers many advantages when compared with other photobioreactors. We can control the liquid flow rate with high precision and induce secondary circulation in a cross-section of the curved tube. We can control the light-dark cycle frequency by a sine wave motion of the algal culture and improve the light distribution in the culture thus leading to better light utilisation. We can manage the photic ratio by the spacing or closing of the rows [38, 39] . Higher productivity than that achieved in Italy has been reported in Malaya [7] and in Israel [24, 25] . In 2006, Tredici's group approached a productivity level of 39.0 gm -2 d -1 by growing Tetraselmis suecica in annular columns [101] . That result was possible thanks to the relatively high photic ratio (R f = 3.65) realised with a simulation of a fullscale column (68 columns-100m -2 ). Personal calculations were carried out using the data quoted by Tredici's group in [101] , which were inserted in Eq. 3. Algal production systems need to be further improved in order to become com-petitive and more economically feasible. Future research should focus on the improvement of production systems and on the genetic modification of existing strains [106] . Scaledup models of small scale TURPs [38, 39] could be used to increase chemical and biomass production. The row configuration of this type of photobioreactor permits dilution of solar radiation, which is very important if the light oversaturation point is to be avoided. Microalgal cells should be kept under low light intensity during natural bright illumination. A big photobioreactor plant (700 m 3 ) installed in Germany consists of vertically arranged horizontal running glass tubes (rows), which produce significant quantities of Chlorella biomass (130-150 t(DW)year -1 ) [106, 107] .
